SUMMARY
Histone modifications are key regulators of chromatin function. However, little is known to what extent histone modifications can directly impact on chromatin. Here, we address how a modification within the globular domain of histones regulates chromatin function. We demonstrate that H3K122ac can be sufficient to stimulate transcription and that mutation of H3K122 impairs transcriptional activation, which we attribute to a direct effect of H3K122ac on histone-DNA binding. In line with this, we find that H3K122ac defines genome-wide genetic elements and chromatin features associated with active transcription. Furthermore, H3K122ac is catalyzed by the coactivators p300/CBP and can be induced by nuclear hormone receptor signaling. Collectively, this suggests that transcriptional regulators elicit their effects not only via signaling to histone tails but also via direct structural perturbation of nucleosomes by directing acetylation to their lateral surface.
INTRODUCTION
Each of the four core histones-H3, H2A, H2B, and H4-can be divided into two structurally and functionally distinct domains: a globular domain that forms the scaffold around which DNA is wrapped and flexible unstructured tails protruding from the nucleosomal core. These histone tails are largely dispensable for nucleosome formation per se (Ausio et al., 1989) but can serve as platforms for a variety of posttranslational modifications (PTMs) (Kouzarides, 2007) . These PTMs have the potential to govern chromatin function, according to the ''histone code'' hypothesis (Strahl and Allis, 2000; Turner, 2000) , mainly by recruiting or repelling specific binding or ''effector'' proteins. Whereas the function of histone tails as highly modified ''signaling platforms'' is generally accepted, the globular domains have long been seen as simple structural scaffolds. However, PTMs have also been detected within the globular domains (Cocklin and Wang, 2003; Freitas et al., 2004; Garcia, 2009 ). Many of these PTMs map to residues located on the lateral surface of the histone octamer and are in direct or water-mediated contact with the nucleosomal DNA (Freitas et al., 2004) . Based on their critical location, Cosgrove et al. (2004) proposed a model of ''regulated nucleosome mobility'' according to which modifications on the lateral surface could, in contrast to most PTMs in the histone tails, directly affect nucleosome and chromatin dynamics without depending on recognition by effector proteins. Within the globular domain of H3, four lysine residues map to the lateral surface: K56, K64, K115, and K122. All four lysines can potentially be acetylated (Tropberger and Schneider, 2010) . H3K122 is located on the dyad axis of the nucleosome, which is the part of the lateral surface where histone-DNA binding reaches its maximum strength (Hall et al., 2009) . Replacing H3K122 with an acetyllysine-mimicking glutamine residue results in the loss of a water-mediated salt bridge between H3K122 and the DNA in the dyad axis (Iwasaki et al., 2011) , suggesting that potential acetylation of H3K122 could act to destabilize histone-DNA binding. In line with this, it was found that in vitro acetylation in the dyad axis can enhance the rate of nucleosome disassembly upon mechanical stress (Simon et al., 2011) . In vivo first evidence for acetylation of H3K122 has been detected on bovine and human histones by mass spectrometry (Tan et al., 2011; Zhang et al., 2003) . However, the role of H3K122ac in chromatin has not yet been addressed. We therefore set out to functionally characterize acetylation of H3K122 in vitro and in vivo.
We show that in vivo H3K122ac is enriched at genetic elements associated with transcriptional activation genome wide. In line with a role for promoting transcription, acetylation of H3K122 is dependent on the transcriptional coactivator p300/CREB-binding protein (CBP) and is dynamically regulated by estrogen receptor signaling. Despite the coexistence of H3K122ac with other H3 tail acetylations in the same nucleosome, we found that H3K122ac-in contrast to a single H3 tail acetylation-can be sufficient to stimulate transcription and histone eviction. Furthermore, we demonstrate that mutation of K122 can result in impaired gene induction in vivo.
RESULTS

H3K122ac Is Ubiquitously Present in Higher Eukaryotes
To address the functional importance of modifications on the lateral surface of the histone octamer, we focused on acetylation of H3K122, located close to the dyad symmetry axis ( Figure 1A ), which is a region of major importance for nucleosome stability (Hall et al., 2009) . By mass spectrometric analysis, we confirmed acetylation of H3K122 in cells of human and murine origin (Figure S1A available online).
To gain insight into the function of H3K122ac, we first performed an exhaustive characterization of an antibody raised against acetylated H3K122. This antibody specifically recognizes histone H3 in nuclear extract from human MCF-7 breast cancer cells ( Figure 1B ). This signal can be increased by treatment of cells with a histone deacetylase inhibitor, demonstrating that, indeed, acetylation is detected ( Figure 1C ). The antibody is highly specific for synthetic peptides with H3K122ac over peptides with previously described acetyl marks in histone tails and globular domains, both in dot-blot and in competition assays (Figures S1B and S1C). To further exclude potential cross-reactivity with histone tail modifications, we digested native nucleosomes with a limited amount of trypsin to remove the tails. Removal of the H3 tail did not reduce the signal detected by the H3K122ac antibody ( Figure 1D ). Taken together, these data provide compelling evidence that the antibody used recognizes H3K122ac with high specificity.
By immunoblot, we detected H3K122ac in histones from different higher eukaryotes, including human, mouse, and fly, as well as in different mouse tissues ( Figures S1D and S1E) , suggesting a rather ubiquitous presence of H3K122ac. We estimate that, on average, 1 out of 250 nucleosomes is acetylated at H3K122ac in untreated cells ( Figure S1F ). To gain insight in the nuclear distribution of H3K122ac, we performed immunofluorescence microscopy in mouse embryonic fibroblasts. H3K122ac appeared uniformly distributed within the nucleus but excluded from DAPI-rich pericentromeric heterochromatic regions (Figure 1E) . This localization pattern is euchromatic and suggests a localization of H3K122ac to ''active'' chromatin.
Nucleosomes with H3K122ac Are Enriched for Active Histone Marks at the Transcription Start Site of Transcribed Genes To study the distribution of H3K122ac within chromatin, we first asked whether H3K122ac co-occurs with specific histone marks on the same nucleosome. We purified mononucleosomes from MCF-7 cells ( Figures S2A-S2C ), immunoprecipitated them with the H3K122ac antibody, and probed with antibodies recognizing other histone modifications (Figure 2A ). H3K122ac-containing nucleosomes were globally enriched for acetyl marks on both histone H3 and H4 (Figure 2A, right) . Additionally, H3K122ac co-occurred with a number of methyl marks, such as H3K4me1, which is enriched mainly at distal enhancers, and with H3K4me3, which predominantly locates to active promoters (Heintzman et al., 2007; Zhou et al., 2010) . In contrast, PTMs associated with facultative heterochromatin (H3K27me3), constitutive heterochromatin (H3K9me3) (Bannister and Kouzarides, 2011) , or the gene body of actively transcribed genes (H3K36me3) (Krogan et al., 2003) were not enriched in H3K122ac nucleosomes (Figure 2A, left) .
In addition to histone marks, the distribution of histone variants differs between distinct chromatin states. The histone variant H2A.Z is generally present at promoters and enhancers (Barski et al., 2007) , and acetylated H2A.Z (H2A.Zac) is strongly enriched at active promoters (Valdé s-Mora et al., 2012) . We found that H2A.Z and H2A.Zac co-occur with H3K122ac ( Figure 2B ). The histone variant H3.3 is enriched in specific genomic regions, including enhancers and transcribed genes (Goldberg et al., 2010) . Immunoblot for H3K122ac on ectopically expressed HA/FLAG-H3.1 and -H3.3 revealed significant enrichment of H3K122ac on the ''active'' variant H3.3 compared to H3.1 ( Figures 2C and S2D) . Altogether, these results suggest a global association of H3K122ac with marks and features of euchromatin and a preferred localization to active gene promoters and potentially to enhancers.
To determine the genome-wide distribution of H3K122ac, we used chromatin immunoprecipitation sequencing (ChIP-seq) coupled with next-generation sequencing. Sites of H3K122ac enrichment showed overall reduced nucleosome density (Figure S2E) , which is in line with enrichment of H3K122ac in ''open'' euchromatin. We found H3K122ac enriched in distinct peaks or small regions of multiple peaks ( Figure 2D ), of which 43% percent map to gene promoters ( Figure 2E ). The distribution of H3K122ac at individual promoters ( Figure 2F ) suggests that H3K122ac is enriched close to the transcription start site (TSS) . To further analyze this, we aligned all coding genes by their TSS (for TSS of noncoding transcripts, see Figure S2F ) and plotted the average read distribution for H3K122ac. H3K122ac is globally enriched in two main peaks flanking the TSS (Figure 2G) with a relatively high level of enrichment upstream of the TSS. This H3K122ac pattern is overall more similar to H2A.Zac and H3K27ac distribution rather than to H3K9ac and H3K4me3 and does not extend far into the gene body, which is in agreement with the low levels of H3K36me3 on H3K122ac nucleosomes ( Figure 2A ). The levels of H3K122ac at the TSS correlate highly with the levels of gene expression (Figures 2G and S2F) . Quantitative comparison of H3K122ac with other chromatin modifications revealed a high correlation for H3K122ac with H2A.Zac ( Figure 2H ) and H3K27ac, whereas, for example, H3K4me3 enrichment showed only modest correlation with H3K122ac. Because H2A.Zac is a strong indicator of transcriptional output (Valdé s-Mora et al., 2012) , this points again toward a role of H3K122ac in transcription.
H3K122ac Directly Stimulates Transcription In Vitro
Having established H3K122ac as a histone modification that is associated with chromatin marks and genetic elements of active transcription, we next aimed to directly test whether H3K122ac contributes functionally to transcription. To this end, we developed an in vitro transcription (IVT) assay with recombinant chromatin containing a single acetylation on H3. We produced recombinant H3 acetylated at either H3K122 or H3K18 (in the middle of the H3 tail as a control) in Escherichia coli using (E) Immunofluorescence analysis of H3K122ac in mouse embryonic fibroblasts. DNA was stained with DAPI (top); the bright foci mark pericentromeric heterochromatin. The signal for H3K122ac (middle) is excluded from the DAPI dense foci as shown in the merge (bottom). Scale bar is 10 mm. See Figure S1 for mass spectrometry and additional information. (legend continued on next page) site-specific genetically directed incorporation of acetyllysine (Neumann et al., 2009) . Because IVT assays with chromatin require a step of acetylation for efficient transcription ( Figure 3A ), we included an H3K122R mutant as a nonacetylatable H3K122 control. We refolded and purified recombinant histone octamers with one of four different H3s (wild-type [WT] H3, H3K122R, H3K122ac, or H3K18ac) (Figures 3B and S3A) and assembled chromatin with the histone chaperone NAP1 and the ACF (ATP-dependent chromatin assembly factor) remodeling complex ( Figure S3B ) on the pG5-MLP plasmid. We then compared successfully assembled ( Figure S3C ) and purified chromatin in IVT assays. Interestingly, we found that (under conditions permissive for efficient transcription of chromatin) H3K122ac is sufficient to cause an increase in transcription compared to chromatin with H3wt, H3K122R, and, importantly, H3K18ac histones ( Figure 3C ). On average, acetylation of H3K122 stimulates transcription by $1.7-fold (p = 0.02) ( Figure 3D ). Because only H3K122ac, but not the H3K122R mutation, enhanced transcription, this experiment demonstrates that stimulation of transcription by H3K122ac is not a general phenomenon due to alteration of H3K122. H3K122ac did not change chromatin compaction in general (analytical ultracentrifugation, data not shown) and also did not change chromatin decompaction upon acetylation in a detectable manner ( Figures S3D and S3E ), raising the question of how H3K122ac mechanistically stimulates transcription. To address which step of the transcription reaction is affected by H3K122ac, we performed in vitro ChIP on pG5-MLP chromatin assembled with H3K122R and H3K122ac octamers and compared the recruitment of preinitiation complex (PIC) members. Our in vitro ChIP revealed increased binding of GAL4-VP16 as well as recruitment of RNA polymerase II (Pol II) and the mediator subunit Med23 to pG5-MLP chromatin with H3K122ac relative to H3K122R chromatin ( Figure 3E ). Because it has been demonstrated that GAL4 binding to nucleosomal DNA competes with histones (Owen-Hughes and Workman, 1996; Workman and Kingston, 1992) , we investigated whether the observed increase in GAL4-VP16 binding and Pol II/Med23 recruitment to H3K122ac chromatin ( Figure 3E ) is due to stimulation of histone displacement by H3K122ac. To test this, we assembled chromatin with H3K122R or H3K122ac octamers on a short linear DNA template containing the five GAL4 binding sites and the promoter of the pG5-MLP plasmid ( Figure S3F ) and performed a histone eviction assay ( Figures 3F and S3G) . We detected more H3 in the evicted fraction from H3K122ac chromatin than from H3K122R chromatin ( Figure 3G ), demonstrating that H3K122ac can indeed stimulate histone eviction. The same was observed when chromatin was assembled with a mixture of H3K122R and H3K122ac octamers ( Figure S3H ). Taken together, these experiments show that H3K122ac stimulates transcription, which we attribute to a stimulation of histone eviction and increased binding of transcriptional activator as well as recruitment of mediator (subunit Med 23) and Pol II.
H3K122ac Is Dynamically Regulated at Estrogen Receptor Targets
Having demonstrated that H3K122ac correlates with and functionally contributes to transcription, we next investigated how the level of H3K122ac is regulated upon transcriptional activation in vivo. To test this, we analyzed the dynamics of H3K122ac levels at the estrogen-responsive TFF1(pS2) gene promoter upon ERa-mediated gene activation in MCF-7 cells ( Figure S4A ), a well-studied model system for gene regulation by nuclear hormone receptors. The TFF1(pS2) promoter contains an estrogen-responsive element (ERE) that is bound by ERa upon estrogen stimulation ( Figure S4B ) and is partially occupied by a nucleosome (NucE), followed by another nucleosome that partially occupies the TATA box (NucT) (Sewack and Hansen, 1997) (Figure 4A ). We found that, upon addition of estrogen, H3K122ac levels increase rapidly at the NucE and NucT position (maximum within 10 min), closely followed by Pol II loading (maximum after 20 min). In contrast to this, H3K4me3 levels increase only after 40 min and predominantly increase at the NucT position closer to the TSS. Overall, this time course shows that H3K122ac is rapidly induced upon estrogen stimulation. Furthermore, together with the global enrichment of H3K122ac at ERa binding sites ( Figure S4C ), this suggests that H3K122 can be acetylated by an enzymatic activity recruited by ERa.
ERa has been reported to recruit coactivators with histone acetyltransferase (HAT) activity such as p300 (and its paralog CBP), pCAF, and TIP60 (Perissi and Rosenfeld, 2005 ). An ERa-IP from MCF-7 nuclear extract did indeed enrich for an activity acetylating H3K122 in an in vitro HAT reaction (Figure 4B) , and this activity was higher upon estrogen treatment ( Figure 4B , compare lanes 7 and 9). The addition of C646, a HAT inhibitor specific for p300/CBP (Bowers et al., 2010) , reduced acetylation of H3K122 by 80% ( Figure 5D , compare lanes 9 and 10), indicating that H3K122ac is p300/CBP dependent. In contrast, C646 only slightly reduced (by $30%) the TIP60-mediated acetylation of H2AK5ac (Kimura and Horikoshi, 1998) (Figure 4B ). Figure S3A ) and analyzed by SDS-PAGE and CBB staining. (C) In vitro transcription of chromatin is stimulated by H3K122ac. 20 ng sucrose gradient-purified chromatin was transcribed in the presence of AcCoA, ±20 ng GAL4-VP16 activator, and ±40 ng p300 as indicated. The recovered RNA was analyzed by denaturing PAGE and quantified relative to H3 WT (set as 100).
(D) Quantification of maximum transcription from H3K122ac chromatin in the presence of GAL4-VP16 and p300 was normalized to transcription from H3K122R control chromatin. Shown is the average ±SD of four experiments from two different preparations of chromatin. There is a significant difference in transcription (p = 0.02) calculated by two-tailed t test.
(E) In vitro ChIP assay for PIC components on H3K122ac and H3K122R chromatin. In vitro ChIP assay was carried out as IVT reaction in the presence of p300/AcCoA and ±GAL4-VP16 but was crosslinked after the PIC formation step ( Figure 3A) for subsequent ChIP. The enrichment of different factors at the pG5-MLP promoter relative to IgG is shown as average ±SD of three replicates.
(legend continued on next page) p300/CBP Acetylate H3K122 In Vitro and In Vivo To demonstrate that p300 can indeed catalyze H3K122 acetylation, we performed in vitro HAT assays with human recombinant enzymes representing the three main classes of HATs: pCAF (GNAT family), MOF (MYST family), and p300 (orphan class) (Figure 4C ). Among these enzymes, only p300 (and the paralog HAT CBP, see Figure S4D ) acetylated H3K122 in our in vitro assays. The specificity of the H3K122ac antibody in these in vitro assays is demonstrated in Figure S4E . Interestingly, p300 acetylates H3K122 in vitro more efficiently on free histone octamers than on recombinant chromatin when compared to H3K18 in the tail, for example ( Figures S4F and S4G ). Though this explains why we detected little difference in transcription between fully assembled WT chromatin and H3K122R chromatin in the in vitro transcription assay, it is possible that, in vivo, other factors might promote H3K122 acetylation on chromatin (see Discussion). Next, we asked whether p300 also acetylates H3K122 in vivo. Only the combined knockdown of p300 and CBP ( Figures S4H  and S4I ) strongly reduced H3K122ac ( Figure 4D ), which can be explained by the overlapping substrate specificity of both enzymes in vivo . In line with this, transfected cells expressing p300 display a clearly elevated H3K122ac signal in comparison to cells transfected with green fluorescent protein (GFP) control alone ( Figure 4E ). Together, these experiments demonstrate that p300/CBP acetylate H3K122 in vitro and in vivo.
H3K122ac Marks ERa Binding Sites that Are Active Enhancers
Although we found that H3K122ac is highly enriched at TSS, 57% of all H3K122ac peaks locate distal to annotated TSS (Figure 2E) . Interestingly, 78% of these distal peaks map to DNase-Ihypersensitive sites (DHS) ( Figure 5A ) and display significantly higher H3K122ac levels than distal peaks outside of DHS (Figure 5B) , indicating enrichment of H3K122ac at distal regulatory elements such as enhancers. p300 enrichment has been established as a key signature of active enhancers (Visel et al., 2009) . We therefore performed p300 ChIP-seq in MCF-7 cells (Figure S5A ) and found that H3K122ac strongly enriches at distal DHS regions that are bound by p300 and, hence, are most likely enhancer regions ( Figure 5C ). Furthermore, we found that H3K122ac enrichment at DHS also strongly correlates with H3K27ac ( Figures 5D and 5E ), a known marker of active enhancers, but correlates only modestly with H3K4me1 (Figure 5E ), a mark associated with both inactive (or potentially ''poised'') and active enhancers (Creyghton et al., 2010) . Interestingly, despite a strong correlation between H3K27ac and H3K122ac at DHS, we observed differences in the enrichment of both marks around binding sites for specific transcription factors ( Figure S5B ), suggesting both overlapping and specific functions for H3K122ac and H3K27ac. H3K122ac therefore qualifies as a chromatin signature of active enhancers.
In MCF-7 cells, 96% of all ERa binding sites (ERBS) are located distal from TSS (Carroll et al., 2006) . As observed for DHS, H3K122ac is strongly enriched at distal ERBS that are co-occupied by ERa and p300 ( Figure S5C ). We therefore used distal ERBS to further investigate a potential role for H3K122ac at enhancers. To test whether H3K122ac levels at ERBS are indeed functionally related to their enhancer activity, we made use of a genome-wide data set of distal ERBS that are actively engaged in long-range chromatin interactions (Fullwood et al., 2009 ). We found that H3K122ac is indeed more abundant at ERBS that are actively engaged in longrange chromatin interactions ( Figure 5F ), thus confirming the link between H3K122ac enrichment and enhancer function. Interestingly, H3K122ac levels increased not only at the promoter ( Figure 4A ) but also at a distal ERa enhancer of TFF1(pS2) upon activation by estrogen stimulation ( Figure 5G ). It has been described that enhancer activation coincides with transcription of enhancer-templated noncoding RNA (eRNA) (Kim et al., 2010; Wang et al., 2011) , and we found that high H3K122ac levels at DHS correlate with significantly elevated eRNA transcript levels at enhancers ( Figures 5G and S5D ). H3K122ac might, therefore, not only directly stimulate transcription as shown in Figure 3 but potentially also facilitate enhancer activation.
Absence of H3K122ac Impairs Transcriptional Activation In Vivo
Having shown that H3K122ac can stimulate transcription in vitro and is strongly associated with genetic elements linked to active transcription, we next asked whether H3K122ac impacts on gene expression in vivo.
To this end, we took advantage of the power of yeast genetics that allowed us to replace endogenous WT H3 gene copies with a mutant H3 (which is so far not feasible in mammalian cells). Because of the higher homology of Schizosaccharomyces pombe to mammalian H3 ( Figure S6A ), we chose S. pombe over Saccharomyces cerevisiae. By using mass spectrometry, we established that H3K122ac occurs also in S. pombe (Figure S6B ), indicating that this modification is highly conserved through evolution. We created S. pombe strains that express either WT histone H3 or histone H3K122R mutant from a single histone H3 gene. H3K122R mutant cells grew as well as WT cells ( Figure S6D ), demonstrating that the H3K122 to R mutation does not have an adverse effect on the general fitness. To assess the effect of H3K122ac on transcription, we monitored (F) Schema of histone eviction assay from the biotin-labeled pG5-MLP promoter template ($620 bp) immobilized on streptavidin beads. The pG5-MLP promoter contains five GAL4 binding sites upstream of an adenoviral major late promoter (MLP). Nucleosomes are positioned randomly relative to the GAL4 binding sites (blue boxes) and the TATA box (yellow box). Histone eviction from the pG5-MLP template occurs only in the presence of GAL4-VP16, p300, NAP1, and AcCoA (Ito et al., 2000) . NAP1 serves as histone acceptor and transfers histones from the linear template to a supercoiled acceptor plasmid (not shown). (G) H3K122ac stimulates histone eviction. H3 content of the evicted and template-bound fractions from H3K122R and H3K122ac chromatin is shown on the left. The H3 content of evicted fractions was quantified densitometrically relative to the bound fraction from three replicates; shown is the average (±SD) from three replicates. Additional controls for in vitro chromatin experiments, chromatin assembly, and IVT are shown in Figure S3 . 
I n p u t I n p u t I n p u t octamer: - (pS2) promoter. The graph on top shows the approximate position of the NucE (partially occupies an ERE, blue box) and NucT (partially occupies a TATA box, yellow box) relative to the TSS of TFF1(pS2). ERa-dependent transcription of TFF1(pS2) was induced by E2/TPA (Sewack et al., 2001 ). Enrichment at NucE, NucT, and a control region (Gene Desert) is shown. H3K122ac, H3K9ac, and H3K4me3 enrichment was normalized to histone H3; RNA Pol II was plotted as % of input recovery. Data are shown as average (±SD) from two replicates. (B) ERa recruits a p300/CBP-dependent HAT activity. MCF-7 nuclear extract was immunoprecipitated with ERa or IgG antibody in the absence or presence of estrogen. The IP on beads was used for an in vitro HAT assay (±25 mM C646, p300 inhibitor) and probed for HAT activity toward H3K122ac (second panel) and H2AK5ac (third panel). The slight reduction of H2AK5ac by C646 could be due to some p300 activity toward H2AK5 observed under in vitro conditions (Schiltz et al., 1999) .
3 H incorporation (fourth panel) shows general HAT activity; Ponceau staining serves as loading control (bottom).
(legend continued on next page) transcriptional activation of the nmt1+ gene (Maundrell, 1990) in WT and H3K122R cells ( Figure 6A ). Strikingly, although WT and H3K122R cells eventually reached the same steady-state nmt1+ mRNA levels, nmt1+ gene activation was severely delayed in the H3K122R mutant compared to a WT strain ( Figures 6B and S6C) . Thus, acetylation of H3K122 is important for rapid transcriptional gene activation in vivo.
DISCUSSION
The function of PTMs on the lateral surface of the histone octamer is thus far largely unknown. Among lateral surface modifications, acetylation of lysine is of particular interest because it neutralizes the positive charge of the lysine side chain and could thereby weaken ionic interactions between the basic lateral surface of the histone octamer and the negatively charged DNA backbone. Here, we have functionally characterized acetylation of H3K122 and revealed that, unlike a single H3 tail acetylation, H3K122 acetylation can be sufficient to stimulate transcription in vitro. We identify the coactivators p300/CBP as enzymes catalyzing H3K122ac and show that H3K122ac is specifically enriched at active TSS and enhancers as well as on H3.3-and H2A.Z-containing nucleosomes. In MCF-7 cells, H3K122ac is dynamically regulated at estrogen-regulated genes and marks enhancers that are actively engaged in transcriptional regulation. Finally, we show that mutation of H3K122 can impair transcriptional activation in vivo. We propose a model for H3K122ac on the lateral surface as a regulator of nucleosome function in transcription and as a signaling effector on chromatin (Figure 7) . It has been shown in vitro that chromatin with native, hyperacetylated histones is transcribed at higher rates than chromatin containing hypoacetylated histones Nightingale et al., 1998; Sheridan et al., 1997) , demonstrating that histone acetylation not only correlates with sites of transcription in vivo but functionally contributes to it. The role of specific sites of histone acetylation for this transcriptional stimulation has so far been investigated for residues within the histone tails, either by deleting complete tails (An et al., 2002) , by mutating lysine residues to arginines (K/R) that cannot be acetylated Luebben et al., 2010) , or by introducing lysine to glutamine (K/Q) mutations to mimic an acetylated lysine (Bintu et al., 2012) . Although point mutants of histone residues are a good (and, in vivo, the only) strategy to address the function of histone modifications, it is unclear whether mutations fully reflect the properties of modified lysine residues. We therefore assembled chromatin with recombinant histones that carry single, sitespecific acetylation at H3K122 and demonstrated that acetylation of H3K122 can be sufficient to stimulate transcription. This demonstrates that a single, site-specific acetylation on H3 increases transcription of a chromatinized DNA template.
How does H3K122ac stimulate transcription? According to the ''histone code'' hypothesis (Strahl and Allis, 2000) , histone modifications may recruit binding proteins that, in turn, activate transcription. Recently, this has been elegantly demonstrated in vitro for H3K4me3, which recruits CHD1 to chromatin and thereby stimulates transcription (Lin et al., 2011) . However, because we failed to identify a H3K122ac-specific binding protein using an unbiased SILAC (stable isotope labeling with amino acids in cell culture) approach (data not shown) and because H3K122 did not change chromatin compaction in a detectable manner ( Figure S3D and data not shown), a direct effect of H3K122ac on histone-DNA binding and histone eviction is our preferred model for transcriptional stimulation by H3K122ac. Our conclusion that H3K122ac directly impacts histone-DNA binding in the dyad axis and is therefore mechanistically very different from histone tail modifications is supported by the finding that H3K122ac contributes to an increased rate of nucleosome disassembly upon mechanical stress in vitro (Simon et al., 2011) .
Additionally, we found that H3K122ac co-occurs with the histone variants H3.3 and H2A.Z. The combination of H3.3 and H2A.Z at the TSS of transcribed genes renders nucleosomes ''unstable'' in vivo (Jin and Felsenfeld, 2007; Jin et al., 2009 ). Considering our in vitro data and the global correlation between H3K122ac and H3.3/H2A.Z, it is reasonable to assume that H3K122ac contributes to the instability of H3.3/H2A.Z nucleosomes at the TSS in vivo. In support of this, we observe a global depletion of nucleosomes at H3K122ac peaks ( Figure S2E ), suggesting that H3K122ac might indeed function by reducing nucleosomal density.
We show that H3K122ac is dependent on p300 and CBP in vitro and in vivo. Interestingly, H3K122 is only poorly acetylated by p300 in recombinant chromatin when compared to free histone octamers as a substrate. However, in the context of native chromatin in vivo, the presence of additional modifications, the specific recruitment of p300 and/or cofactors might directly stimulate the activity of p300 (Hyndman et al., 2012; Reynoird et al., 2010) or increase the rate of local unwrapping of nucleosomal DNA (Andrews and Luger, 2011; Koopmans et al., 2009) , making H3K122 more accessible. Because H3K122ac is enriched at sites subject to high histone turnover, it is possible that in vivo H3K122 might become acetylated also in transitory states at TSS and enhancers.
Transcription in eukaryotes is often controlled by distal regulatory elements such as enhancers. Functional enhancers have (C) p300 acetylates H3K122 in vitro. An in vitro HAT assay with recombinant histone octamers and increasing amounts of pCAF, MOF, and p300 (CBP see Figure S4C ) is shown. HAT activity was monitored by autoradiography ( 3 H incorporation) and residue-specific activity with H3K9ac-, H4K16ac-, and H3K122ac-specific antibodies.
(D) Knockdown of p300/CBP reduces H3K122ac levels in vivo. MCF-7 cells were transfected with control or p300-and/or CBP-specific siRNA (see Figure S4H ) and were analyzed for different histone modifications 72 hr after transfection by immunoblotting with antibodies as indicated. Ponceau staining shows equal loading.
(E) Overexpression of p300 increases H3K122ac in vivo. HEK293 cells were cotransfected with CMV-p300 and pEGFP-N1 plasmid DNA (top) or pEGFP-N1 alone (bottom). The DNA was stained with DAPI, transfected cells were detected by enhanced GFP (eGFP) expression (green), and the H3K122ac signal was detected with the H3K122ac antibody (red). The longer exposure of control transfected cells (bottom) shows endogenous H3K122ac signal. For ERa-ChIP and additional HAT assays, see Figure S4 . Primers are listed in Table S2 . Figure 4A . Shown is enrichment of H3K122ac, H3K27ac, H3K9ac, H3K4me1, and IgG control relative to H3 ChIP. Data are average (±SD) from two replicates.
(H) Enhancers with high levels of H3K122ac transcribe high levels of eRNA. Aggregation plots show normalized GRO-seq reads at enhancers (DHS + p300) with low H3K122ac (black and gray line for + and À strands) or high H3K122ac enrichment (blue and red line for + and À strands). Figure S5 contains additional data for p300 ChIP-seq and siRNA knockdown. Primers are listed in Table S2. been predicted genome wide by binding of p300, the presence of H3K4me1 and H3K27ac, and the absence of H3K4me3 (Heintzman et al., 2007; Rada-Iglesias et al., 2011; Visel et al., 2009) . We found that, in MCF7 cells, H3K122ac is not only enriched at the TSS of transcribed genes but is also enriched at active enhancers bound by p300 and ERa. This suggests that using H3K122ac as a criterion to identify enhancers could further increase the robustness of enhancer prediction based on chromatin features. Although histone marks have been successfully used to identify enhancers, surprisingly little is known regarding their function at these sites. Based on the observation that H3K122ac increases activator binding and transcription in vitro, we speculate that H3K122ac could facilitate binding of regulatory factors to enhancers and/or the transcription of eRNA in vivo.
A Regulated Nucleosome Mobility Model for the Function of Lateral Surface Acetylations
Most previously studied histone modifications are located within the flexible tails of histones, and our understanding of their mechanistic impact on chromatin-based processes is still limited. A quantitative biophysical model (Fenley et al., 2010) predicts that, in contrast to tail modifications, even a slight decrease in the charge on the lateral surface (e.g., by H3K122 Figure S6 contains a clustalW alignment, a spectra of H3K122ac peptides from S. pombe, and additional data on the nmt1+ time course. Primers are listed in Table S1 . acetylation) can have a direct effect on nucleosome mobility. Our in vitro results that H3K122ac can promote histone eviction and transcription, as well as our in vivo findings that H3K122ac is present at genomic regions with a role in transcription, fully support a regulation of nucleosome mobility by lateral surface modifications. Finally, our data from S. pombe strongly suggest that the role of H3K122 in transcription is evolutionarily conserved. This is further supported by H3K122 mutants in S. cerevisiae that result in transcriptional derepression (Hyland et al., 2005) and in a decrease in nucleosome density in highly transcribed genes (Hainer and Martens, 2011) .
Importantly, besides H3K122, other lysines on the lateral surface of H3-in particular, H3K56, H3K64, and H3K115 (Tropberger and Schneider, 2010)-can also be modified and might act synergistically and/or in different combinations, increasing the impact on nucleosome dynamics. Additionally, phosphorylation on the lateral surface (e.g., at H3T118) could have a similar effect in reducing the DNA-binding affinity. As our work demonstrates, modifications on the lateral surface of the nucleosome are of central importance for chromatin biology, and we are just beginning to understand their mechanism of action and their role in the regulation of transcription.
EXPERIMENTAL PROCEDURES
Cell Culture MCF-7 cells were kindly provided by Kartiki V. Desai and were cultured under standard conditions. For details on culture and stimulation of cells used throughout this study, see Extended Experimental Procedures.
Immunoblot Analysis of Histones
Histones were separated by Tricine-based SDS-PAGE (Schä gger and von Jagow, 1987) and transferred to nitrocelluose membrane (BA79, Whatman). Membranes were blocked in TBST (0.2% Tween-20) with 4% BSA. For detection of H3K122ac, the antibody was diluted 1:800 in TBST 4% BSA at 4 C overnight (O/N). For a complete list of antibodies, see Extended Experimental Procedures.
Immunofluorescence Analysis
For immunofluorescence analysis, cells were cultured on poly-L-lysine (Sigma) -coated glass coverslips and stained with DAPI and the H3K122ac antibody in a 1:100 dilution as described in detail in Daujat et al. (2009) .
Histone Acetyltransferase Assay Recombinant p300 was purified from baculovirus-infected Sf9 cells as described (Kraus and Kadonaga, 1998) . Recombinant human MOF was a gift from Herbert Holz. HAT assays were performed at 30 C for 60 min as described in Extended Experimental Procedures.
Mononucleosome IP Native mononucleosomes were prepared by micrococcal nuclease digestion of MCF-7 cells as described (Wagschal et al., 2007) . Mononucleosomes were purified by sucrose gradient centrifugation and immunoprecipitated with the H3K122ac antibody as outlined in Extended Experimental Procedures.
ChIP
For ChIP-seq of H3K122ac, H3K27ac, H2A.Z, and H2A.Zac, chromatin was prepared by micrococcal nuclease digestion of crosslinked MCF-7 nuclei. For p300, ERa, and the ChIP time course, cells were crosslinked with formaldehyde and sonicated in a Bioruptor (Diagenode). Detailed protocols are provided in Extended Experimental Procedures. Primers used for qPCR analysis with ABsolute qPCR SYBR Green Mix (Abgene) on an Applied Biosystems 7300 real-time PCR system are listed in Tables S1, S2 , and S3.
ChIP-Seq Analysis
ChIP-seq libraries were prepared according to manufacturer's protocols and sequenced with Illumina GAII. The raw data were processed using the Solexa Pipeline and mapped to the reference genome (NCBI Build 36, hg18) using Eland (Illumina) or Bowtie2 (Langmead and Salzberg, 2012) . For details on libraries used throughout this study, see Table S4 ; for details on peak calling (Table S5 ) and bioinformatics analysis, see Extended Experimental Procedures.
In Vitro Assays with Recombinant Chromatin Briefly, histones with or without acetylation were expressed recombinantly in E. coli as described (Neumann et al., 2009 ) and refolded into histone octamers (Luger et al., 1999) . Recombinant chromatin was assembled by NAP1 and ACF (Ito et al., 1997) , and in vitro transcription of purified recombinant chromatin was performed as described (Margueron et al., 2008) . For histone eviction assays, chromatin was assembled by step-wise salt dialysis. Detailed protocols for all in vitro methods (transcription, ChIP, and histone eviction) are provided in Extended Experimental Procedures.
S. pombe Strains and Experiments
The H3K122R mutant strain was created as described in Mellone et al. (2003) . Details about S. pombe strains used in this study are listed in Table S6 . For the nmt1+ induction experiments, equal numbers of yeast from different strains were transferred to media supplemented with or without thiamine and mRNA analyzed by quantitative RT-PCR (qRT-PCR) at the time points indicated. Details on the nmt1+ induction experiments are provided in the Extended Experimental Procedures.
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